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nothus represent the major mode of fixing atmospheric nitrogen. The actinomycete-induced nodulation of these woody species and their role in N2 fixation have begun to be recognized as comprising one of the largest sources for biological fixation of atmospheric dinitrogen, at least comparable to the legume symbioses.
Lags in appreciation of the importance of this group are understandable in retrospect. Knowledge Over the past 25 years, largely through the efforts and persistence of a few research laboratories, our knowledge and understanding of the group have grown. Recently, the pace of research has accelerated, and the immediate future promises a rapid exploitation of this area, both in research and in practical application. The subject of symbiotic nitrogen fixation has received much recent attention by reviewers. The reader will find useful discussions of actinomycete-nodulated plants by Becking (1970a Becking ( , 1975 Becking ( , 1977a , Bond (1963 Bond ( , 1967 Bond ( , 1976 , Silvester (1976 Silvester ( , 1977 , and Quispel (1974).
Root nodules induced by soil actinomycetes are morphologically and anatomically distinct from legume nodules. Typically these nodules result from a localized stimulus at the infection site of multiple, modified lateral roots whose condensed and repeated branching produces a more or less spherical mass, sometimes up to several centimeters in diameter. Two general types of nodules occur: the Alnus-type in which knobby, coralloid structures are formed and the Myrica-type in which each terminal lobe of the nodule produces a determinate nodule root, which grows more or less vertically upward (Figs. 1, 2) . Within the basal swollen lobes, the actinomycete occupies specific cortical cell layers where the enzyme nitrogenase develops, which catalyzes the fixation of dinitrogen from the atmosphere and converts it to ammonia through a series of reductions.
Until quite recently, cultivation of these plants in the greenhouse or laboratory depended on growing seedlings with their roots in water culture or in nutrient mist and inoculating the root systems with nodule suspensions prepared by grinding up older nodules taken from field-collected or greenhouse-grown plants. Under Evidence of the nature of the microsymbiont outside the root and the exact process of endophyte infection has been difficult to obtain. Until the process has been analyzed, using a cell preparation from a pure culture, it will continue to be difficult to sort out the structural form of the microorganism in its soil environment. A number of related problems including the persistence of the bacterium in the soil, the question of its multiplication in the soil, and its mode of attack on the root surface are important and should become accessible to study in axenic systems into which the cultured actinomycete can be introduced. The endophyte observed within the root hair is sheathed in a polysaccharide layer produced by the host. This encapsulation, which appears to be pectic in nature ( Associated with this invasion is the stimulation of multiple, modified lateralroot-like primordia within a few hundred microns of each other. In Comptonia, the number of primary nodule lobe primordia may be as high as 12-15 within a couple of millimeters of the root hair infection site. In Myrica gale only 2-3 nodule lobes are usually initiated at the outset. In Casuarina, usually one nodule lobe is initiated at the outset, followed sequentially by further branchings. Thereafter, new primordia are stimulated to form endogenously within the firstformed nodule lobes, until a condensed, highly branched system is formed. (Figs. 10, 11) . In liquid culture, the organism forms numerous sporangia (Figs. 10, 12) ; in plates of agar medium, these sporogenous structures are submerged, not aerial.
ULTRASTRUCTURE OF THE HOST-ENDOPHYTE RELATIONSHIP
The development of sporangia can occur in two ways: either by enlargement and septation in the filament itself (Fig.  12 inset) Comparison of the structures observed in the cultured endophyte and in the organism within the host plant shows striking similarities and some sharp differences. The filamentous nature of the actinomycete is seen in both conditions-a filamentous, septate, and branched vegetative body of 0.5-1.0 /m diameter. Internal structure is the same (cf. Fig. 9 and Fig. 11 ). In vitro, the cultured actinomycete shows no encapsulation, confirming that the capsule is probably a host-produced structure. The vesicle stage observed in nodules has yet to be demonstrated conclusively in the cultured actinomycete.
Spore formation within sporangia has been described in Alnus nodules by Van Dijk and Merkus (1976), and the' structures they observed are strikingly similar to sporangial development in the cultured Comptonia isolate. One must conclude that both spores and sporangia are normal components in the life cycle of this complex prokaryote, either in infected cells of root nodules or in culture.
Successful isolation of the organism that nodulates Comptonia encourages one to believe that systematic attempts to isolate the effective organism in other symbioses will be possible. Nutrient requirements for the Comptonia isolate, although not fully defined, are not complex. However, growth in culture is slow, and patience is a requirement for successful isolation.
Isolations must be made on as many genera as possible so studies can be made of cross-inoculations, e.g., as tested by Rodriguez-Barrueco and Bond (1976). One hopes to study the genetic nature of the effective microbial agents and ways of increasing the effectiveness of inoculation, perhaps by selection of strains of high effectiveness and applying them to seeds, seedlings, or plantations, thereby increasing the nitrogen-fixing capacity of the host-microbial symbioses.
Identifying the organisms and placing them in their proper systematic position (cf. Becking 1970b) will be much facilitated.
SIGNIFICANCE OF ACTINOMYCETE-NODULATED PLANTS
In making an assessment of the importance of nitrogen fixation by symbiotic actinomycete-infected plants, several features should be appreciated. It has only recently begun to be generally accepted that N2-fixation rates in these plants are of the same order of magnitude as those observed in legumes. Rates reported among rhizobial-induced nodulated species (legumes) and actinomycete-induced nodulated plants (several families) are presented in Table  2 . In herbaceous legumes and seedling stages of the nonlegumes, rates are strikingly similar. Direct comparisons of acetylene-reduction by root nodules, calculated on a fresh weight basis, can be made, or one can compare calculations based on field samples extrapolated to area per unit time. Using either measure, rates of fixation by actinomycete-nodulated plants fall in the same range of values as for legumes.
Actinomycete nodulation is known to occur only among woody dicotyledonous species. Restriction of this type of symbiosis to woody dicots is of interest; Bond (1963) speculated that the actinomycete-woody dicot type of symbiosis arose at a geological time when only woody species were extant. At present, we have no good structural or physiological hypothesis to explain this limitation of host range, any more than we understand why Rhizobium infection is restricted to the legumes, be they herbaceous or woody species. There is one recently described exception, the unusual association reported between the tree species Trema cannabina1 of the family Ulmaceae and a rhizobial-like endophyte (Trinick 1976). The diversity of host plants susceptible to infection by soil actinomycetes suggests that still broader host ranges will be found in nature, and other species, genera, or families will be added as the search is extended. The possibility also exists that the host range can be usefully extended by man's intervention and ingenuity.
Because of the perennial nature of the hosts, nitrogen fixed by actinomycetenodulated plants is made available to the soil only on a long-term basis. Nitrogen fixed in the nodules is rapidly transported to the shoot; leaves of many of these species show well above average levels of nitrogen on a fresh weight basis. plants. If one takes into account the long-term contribution made by the symbiotic nonlegumes, it is clear that these diverse genera add a very significant amount of fixed nitrogen to the total ecosystem in which they are found. Some attempt has been made by Silvester (1976 Silvester ( , 1977 to assess the magnitude of this contribution on a genus-by-genus basis. Global estimates need to be recalculated to place the contribution of these plants in true perspective. Surely the actinomycete-induced symbioses are at least on an equal par with the legumes on a worldwide basis.
While the legumes are primarily tropical or semi-tropical in their natural occurrence or have been adapted by man to a range of agricultural situations, the actinomycete-nodulated plants are primarily north and south temperate in their distribution, with only Casuarina extending into tropical areas. They occupy a range of ecological sites varying from wet habitats as pioneers along rivers, ponds, and bogs, and in postglacial sites, to dry sandy dunes and hills, disturbed or devastated areas, and even dry chaparral and desert environments (cf. Table 1) . Thus, in their diversity, these plants are found adapted to a wide variety of sites and are widespread in their distribution.
Although actinomycete-nodulated symbiotic nitrogen-fixing plants occur predominantly in natural stands and contribute to total nitrogen availability in ecosystems largely unmanaged by man, increasing recognition has been given to the potential value of these genera in providing nitrogen through mixed plantations, succession plantings, and other management practices, especially in the context of forestry. As Silvester (1977) has pointed out, the use of Alnus in crop rotation with millet has been long practiced in Formosa, and Casuarina is used for soil improvement in highland New Guinea. Uemura (1971) reported that over wide areas of Japan, species of Alnus, Myrica, and Elaeagnus have been planted for many decades, mixed with pines, cedar, cypress, and other trees for erosion control and soil improvement. Similarly, in Europe, appreciation of the benefit of alders to soil improvement has been common among foresters.
Since about 1955, increasing interest and attention have been focused on the possibilities of using actinomycete-nodulated plants in forestry management. Silvester (1976) has reviewed some of these practices, including land reclamation, soil improvement by adding to soil nitrogen, and interplanting actinomycetenodulated plants with economically important tree crops.
In the Pacific Northwest, experimental plantations have included mixed planting of black cottonwood (Populus trichocarpa) and red alder (A. rubra) for short-term fiber production and soil improvement or Douglas fir (Pseudotsuga menziesii) with red alder as nurse crop. Elsewhere, experiments on mixed plantings have involved black walnut (Juglans nigra) with autumn olive (Elaeagnus umbellata) as nurse crop or poplar-alder mixtures for pulp and total biomass production. In all of these, significant contributions to the soil nitrogen have been recorded and reflected in increased growth of the crop plantation.2 Still other experimentation has focused on the use of actinomycete-nodulated plants for reclaiming strip-mine areas, revegetating roadsides, and maintaining and improving forested ecosystems. 
ACKNOWLEDGMENTS

